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Star formation in galaxies falling into clusters along 
supercluster-scale filaments 
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ABSTRACT 

With the help of a statistical parameter derived from optical spectra, we show that the current 
star formation rate of a galaxy, falling into a cluster along a supercluster filament, is likely 
to undergo a sudden enhancement before the galaxy reaches the virial radius of the cluster 
From a sample of 52 supercluster-scale filaments of galaxies joining a pair of rich clusters of 
galaxies within the two-degree Field Redshift Survey region, we find a significant enhance- 
ment of star formation, within a narrow range between ~2-3 h^^ Mpc of the centre of the 
cluster into which the galaxy is falling. This burst of star formation is almost exclusively seen 
in the fainter dwarf galaxies (AIb ^ —20). The relative position of the peak does not depend 
on whether the galaxy is a member of a group or not, but non-group galaxies have on aver- 
age a higher rate of star formation immediately before falling into a cluster. From the various 
trends, we conclude that the predominant process responsible for this rapid burst is the close 
interaction with other galaxies falling into the cluster along the same filament, if the interac- 
tion occurs before the gas reservoir of the galaxy gets stripped off due to the interaction with 
the intracluster medium. 

Key words: Galaxies: clusters: general; Galaxies: evolution; large-scale structure of the Uni- 
verse - cosmology: observations; Galaxies: starburst. 



1 INTRODUCTION 

In the past few years, several examples of spectacular starburst 
galaxies, often with significantly disturbed morphology, have been 
discovered on the outskirts of rich clusters of galaxies. Most of 
these have been found in deep images or spectral li ne studies of 
galax ie s in rich cluste r s at re d shifts of z =0.2-0.4 I Moran et al.l 



200?; 'Sato & Martin '2006'; 'Sraglia. Pierini. Bohringeil l2007l : 
Marcillac et al. 2007; Einasto et al. 2007; Fadda et al. 20oi). Some 
of th ese have been found in studies of nearby ( z < 0.1) clusters as 
well JSun & Murravll2003 : iGavazzi et aill2003l : iHaines et alj|2006l : 
iReverte et alJl2007D though in the absence of systematic studies of 
large samples, it is not clear how common they are, and whether 
their presence is related to special properties of the clusters they 
are observed in, or to their large-scale environment, or indeed to 
the properties of the galaxies themselves. 

The evolution of a galaxy is profoundly affected by its envi- 
ronment. Observationally, this has been established by studying the 
the dependence of the relative morphological content of galaxies in 
a given volume of space, or of the colour or star formation proper- 
ties of galaxies, on the local projected galaxy density. An obvious 
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place to look for such an effect is in galaxy clusters, which pro- 
vide a wide range of galaxy densities as well as individual galaxy 
properties. 

In the cores of rich clusters, the current star formation 
rate (SFR) in galaxies is found to be much lower than in 
the field, as measured from colour, morphology or spectral 
lines, prog ressively increasing as the environment becomes less 
dense (e.g. iMelnick & Sargenji 19771; lDressleilll980l: iBalogh etlll 



2002';'Lewis et al.' 2002"; 'Gomez et al.'2003';'De Propris et al.'200|; 
Kauffmann et al. 2004; Baldry et al. 2006; Poggianti et al. 20o|; 
Pimbblet e t alj|2006l : IVerdugo, Z iegler. & Gerkeni l2007l) . Whether 
the environment should be quantified by only the local pro- 

[ jected density or not has also been the subjec t of scrutiny (e.g. 
Kauffmann et alJ !2004':'Bla nton & Berlindl2007l) . Given that galax- 
ies and groups are embedded in a networ k of clusters and filaments 
JEinasto et al.ll 19941 : Ijenkins et al.ll200lh . an interesting aspect of 
such studies is the investigation of how important the large-scale 
properties of the environment of a galaxy is in its morphological 
evolution, as well its history of star formation, merger and nuclear 
activity. Even though mergers and close interactions with other 
galaxies are most influenced by the l ocal group environment of 
most galaxies (e.g. lHopkins et alj|2007l) . the potential effect of the 
larger-scale environment is undeniable, given that it would funda- 
mentally affect the history of the parent group of the galaxy. 
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Recently, IPorter & Raychaudhury! OOOTf) inyestigated the en- 
yironmental dependence of star formation within three filaments 
(of length between 20-30 hj,^ Mpc), joining rich clusters of the 
Pisces-Cetus supercluster. We obseryed that as one moves away 
from the cluster cores there is an increased activity of star forma- 
tion, with a peak in the 3-4 h^^ Mpc range along the filaments oyer 
and above the gradual increase in star formation rate (SFR) away 
from the cluster cores. While this is a striking result, these results 
come only from approximately 1,000 galaxies in three filaments, 
and in one supercluster. To confirm that the observed effect is not 
confined to this one supercluster, a larger sample of filaments is 
therefore required. The Pisces-Cetus supercluster is the only "su- 
percluster" found in the 2dFGRS survey from a study of all Abell 
clu sters with a redshift of 0.1 from a m inimal spanning tree analy- 
sis |Raychau^iury_et_^ Jin preparationh catalogue. To enlarge this 
sample of galaxies, we seek a larger survey of filament-like struc- 
tures. 

In this paper, we have compiled a subset of "clean 
filaments" (defined below) from the filament catalogue of 
IPimbblet. Drinkwater, & Hawkrigd ( |2004|) which listed 805 fila- 
ments identified from the galaxies of the 2dFGRS. We describe 
this sample in ^ and in investigate the star formation properties of 
galaxies belonging to these filaments as a function of distance from 
the nearest cluster. We discuss our results in ^l^nd our conclusions 
can be found in ^ Throughout this paper we use Ho = 70 km s~^ 
Mpc~^, and a Q,m = 1 CDM cosmology. Using a concordance 
cosmology with a dark energy component affect only our distance 
measures, but not appreciably over the volume covered by our anal- 
ysis. 



2 THE SAMPLE OF FILAMENTS 



Table 1. The 52 inter-cluster filaments for the 2dFGRS survey used in this 
study. 
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Our p arent filament catalogue (Pim bblet. Drinkwater. & Hawkrigd 
1 2004 ) is sourced from the 2 degree field galaxy redshift survey 
(2dFGRS; Colles s et al., 2001) whic h in turn is based upon the 
APM survey (e.g.. lMaddox et al.ll99(y ) as its photometric input cat- 
alogue. Here we summarise the most pertinent points, directing the 
interested reader to the filament catalogue paper for more detail. 

2dFGRS galaxies are selected from the APM for observa- 
tion to have an extinction corrected magnitude of bj < 19.45 Us- 
ing the final data release of 2dFGRS and combining cluster infor- 
matio n JDe Propris et al.l2002l : |Pimbblet. Drinkwater. & Hawkrigd 
12004!) examined by the the region between >800 close cluster pairs 
(where clusters are within 10 degrees of each other and their differ- 
ence in mean recession velocity is <1000 km s~^. 

Further criteria were applied to narrow down the initial 
IPimbblet. Drinkwater. & Hawkrigd (2004) sample of 805 poten- 
tial filaments. Only filaments having a length of between 10 and 
40 h^Q Mpc were selected. Further more, potential filaments that 
had a classification of "near coincidental clusters" or "Nil" were 
also removed. This resulted in a sample of 432 filaments to study 
visually. Each of the 432 filaments had two clusters from which 
IPimbblet. Drinkwater. & Hawkrigd ( 12004 ) had identified a fila- 
ment. In addition to these clusters other clusters fall within the same 
region of space. These extra clusters were deemed to be part of the 
filament if they had a redshift within 0.01 of the mean redshift of 
the two initial clusters and were coincident with the filament galax- 
ies in R.A. and Dec. space. In addition, to confirm the presence of a 
cluster of galaxies at the cluster positions, each of the clusters had 
to have greater than ten members to be part of the filam ent. Clus- 
ter membership was determined by finding all 2PIGG ( lEke et al.l 
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Figure 1. A few of the "clean filaments" used in this paper. The dots represent the galaxies from the 2dFGRS (with spectroscopic redshifts) included in these 
filaments joining the clusters (a) Abell 1692 and Abell 1663, (b) Abell 3837 and EDCC 0119, (c) Abell 2660 and APMCC 917, and (d) EDCC 365 and Abell 
SI 155. Cluster members are shown in red, and the Abell radius (2.1 h^„ Mpc) is shown as a green circle. 



l2004h group centres within 1 /ifp Mpc of the cluster centres. The 
members of these groups were then taken as the cluster members. 
Most clusters would correspond with a single 2PIGG "group" but 
for some, the 2PIGG catalogue had separated the cluster members 
into multiple "groups". 

From the sample of 432 filaments we created a "clean sample" 
of filaments. The filaments had to be between two clear clusters of 
galaxies and have to be relatively clean from contamination from 
other filaments and clusters. Therefore, by a visual inspection of the 
432 filaments, 52 pairs of clusters on these filaments that had a clear 
run of galaxies, with no other intruding clusters within 6 /ifg Mpc, 
were found. To avoid contamination from the complex weave of 
other filaments, and to enable comparisons with our previous work, 
the galaxies joining the two filament clusters were selected using a 
method which extracts galaxies within a prolate spheroid. 

We model each filament as a prolate spheroid, with the centres 
of the two clusters involved being at each end, the distance between 
them being the major axis of the spheroid, and 6 h^g Mpc being the 
semi-minor axis. All galaxies inside this spheroid are assumed to be 
members of the filament, along the galaxies found to bel ong to the 
2PIGG "group" corresponding to these Abell clusters in dEke et al.l 



[20041), to avoid leaving out the genuine cluster members that would 
not be included in the spheroid. 

The distance between each pair of clusters, or that between a 
galaxy and a cluster, was calculated as the comoving proper dis- 
tance between them. We used the measured redshift of each galaxy 
as a measure of its distance from us, except if it is a member of a 
rich cluster, where the mean redshift of the cluster was used. 

This resulted in 6,222 galaxies within the 52 filaments. 
Examples of the spatial structure of the these filaments can 
be seen in Figs[T] and a complete list of the filaments, and 
the clusters they connect, can be found in Table [T] Apart 
from Abell clusters, the cluster catalogue used to find fila- 
ments also use supplementary Abell (Abell S), Edinburgh-Durham 
(EDCC) a nd APM clusters (APMCC) within the same red- 
shift range JAbell. Corwin. & 01owiiJll989l ; iLumsdenet d]| 19921 : 



iDalton et al 



m 



19971). AH references to 2dFG RS galaxies are taken 



from the 2PIGG subsample of the 2dFGRS JEke et alj|2004h com- 
prising 191,328 galaxies. This subsample had all the galaxies 
within fields with less than 70% completeness, and in all sec- 
tors (overlapping field areas) with completeness less than 50%, re- 
moved This enables comparisons with 2PIGG statistics to be made 
without bias. 
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In the Table, w e also list the corresponding supercluster in the 
lEinasto et alj ( l200ll .EETMA) catalogue, resulting from their anal- 
ysis of the supercluster-void network from Abell rich clusters. Not 
all of our filaments correspond to their superclusters because of 
the different algorithm and cluster samples used in identifying fil- 
aments. It is interesting to note that th e Sculptor superclust er, one 
of the most richest superclusters in the lEinasto et al.l ( 120010 study, 
features prominently in this Table. 



3 STAR FORMATION IN GALAXIES ALONG THE 
FILAMENTS 

The star formation properties of the 6,222 galaxies in the "clean 
sample" of filaments are investigated in this section. We look at 
their rate of star formation (represented by the r) parameter) and the 
ratio of passive to star-forming galaxies, as a function of distance 
along the filaments. 

To quantify the star formation properties of these galaxies, we 
use a si mple parameter that has been derived for most 2dFGRS 
galaxies. Madgwick et al. (2002') used Principal Component Anal- 
ysis (also see Folkes et al. 1999) of de-redshifted 2dF galaxy spec- 
tra to define a parameter t), a linear combination of the first two 
principal components, which correlates well with the equivalent 
width of the Ha ( EW(Ha)) emission line, which in turn is a mea- 
sure of SFR (e.g., Kennicutt 1983; Gallagher, Hunt er. & Tutukovl 
[l984; Moustakas, Kennicutt, & Tremonti 2006). With some scat- 
ter, rj ~ —2.0 correspond to no Ha emission at all, increasing to 
?7 « 7 for EW(Ha) of 50 A JMadgwick etal]|2003b . Thus, the 77 
para meter can be used as a proxy for star formation rate in galaxies 
(see lPorter & Ravchaudhurvll2005l,l2007h . 

Fig. |2] shows the distribution of the r] parameter for all 2dF- 
GRS galaxies within 2 ^ 0.1, revealing two distinct peaks in the 
distribution, at 77 ~ —2.5 and at 77 ~ 0.05. This reflects the well- 
known bimodality of the local galaxy populatio n, of red, passive 
galaxies, and bluer, star forming galaxies (e.g. iKauffmann et al.l 
12004 ; B alogh et al. 2004) . The dip or divide between the two peaks 
is approximately at 77 ~ —1.4. The first peak, containing ~30% of 
the galaxies within z < () .l, consists mostly of early-type galax- 
ies JMadgwick et alj2003h . The SFR of a galaxy normalised to the 
Schechter luminosity L,, is shown to be /i* = 0.087 EW(Hc,), 
where the EW{Ha) i s the stellar absorp tion corrected equivalent 
width of the Ha line JLewis et al.ll2002f) . Therefore, an 7; ~ —1.4 
would correspond to fj.* ^ 0.4. 



3.1 Star formation in galaxies as a function of distance from 
the nearest cluster 

In this study of the star formation properties of galaxies, we look 
at the variation of (a) the mean value of the 77 parameter, which 
correlates with the current SFR of the galaxy, and (b) the fraction 
of galaxies with 77 < —1.4, representing the fraction of passive 
galaxies, as a function of position along the filaments and distance 
away from the nearest cluster. 

For each of the 6,222 galaxies of the "clean sample" filaments, 
the distance of each from the nearest of the two clusters at either 
end of their parent filament is determined. The distances were then 
binned in varying size bins, aiming for approximately equal num- 
bers of galaxies in each bin, and within each bin the mean rj was 
calculated. The data for galaxies from all the filaments were com- 
bined and the means plotted against the mean distance in each bin 
and can be seen in see Fig. [3] For comparison between the trend 
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Figure 2. A histogram of the rj parameter for all 2dFGRS galaxies within 
z < 0.1. The vertical dashed line is our adopted division between stai'- 
forming (larger 77) and passive galaxies. 
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Figure 3. (a. Top) The mean value of 77 of galaxies belonging to the "clean" 
sample of 52 filaments, as a function of distance from the nearest cluster, 
is plotted here. The dashed line shows the mean rj as function of distance 
from the nearest cluster (defined as a 2PIGG group with Js 30 members) for 
all 2dFGRS galaxies, (b. Bottom) For the same galaxies as in the top panel 
the fraction of these galaxies with an 77 < —1.4 is shown as a function of 
distance from the nearest cluster. The dashed line showing the same fraction 
as a function of distance from the nearest 2PIGG group with J^ 30 members 
for the whole 2dFGRS. 



with distance for the filament galaxies with galaxies elsewhere, we 
compute "field" values from the whole 2dFGRS, where distances 
are calculated from the nearest 2PIGG group of ^ 30 members (the 
equivalent of a rich cluster), shown as the dashed line. 

In order to statistically compare the two sets of points in Fig.[3] 
we use Welch's f-test (IWelchlll9 47). also known as the F-test 
jPress, Flannerv. & Teukolskvlll986D . which is an adaptation of the 
Student's t test, for the comparison of two samples xa and xb with 
unequal variance a\ 7^ f^. This statistic tests the null hypothesis 
that the means of the two samples are equal, assuming a normally 
distributed parent population, and returns a statistic 
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where Na and Nb are the number of data points in the two sam- 
ples. The test also a value for the significance of the difference of 
the two means, which is a number between and 1. 

In each of the 9 distance bins in Fig. [3] where the mean value 
of r] is presented for two samples (the galaxies belonging to our 
filaments, and all galaxies in the 2dFGRS catalogue), we calculate 
the probability, that the means of the two samples are the same, 
in each distance bin. The results are shown in Table |2l where it is 
obvious that the two samples are similar in the first two bins, i.e. 
closer than 2 h^g Mpc from the centre of each cluster. The galaxies 
on the inter-cluster filaments deviate appreciably from the general 
galaxy sample from the fourth bin onwards. 

It can be seen that while the field galaxies show a gradual 
decrease in SFR as one moves from the periphery of the fila- 
ment towards the cluster, steepening from approximately 2 h^g 
Mpc inward, the filament galaxies show a sudden enhancement 
in SFR at about 2 h^^ Mpc on top of this gradual decline. This 
is very similar to the effect seen in the three filaments of the 
Pis ces-Cetus supercluster, from a much smaller sample of galax- 
ies jPorter & Ravchaudhurvll2007[) . 



3.2 Star formation as a function of galaxy luminosity 

It has been shown that the SFR i n giant and dwarf galaxies 
show very different properties (e.g., iHaines et al.l l200a) and in- 
deed, enhancements in SFR have been seen in dwarf gala xies 
at ap proximately the virial radius (e.g., iMoran et al.l 120051) . In 
IPort er & Ravchaudhurv (2007), we found that the peak in star for- 
mation along the Pisces-Cetus filaments is entirely due to the dwarf 
galaxies {-20 < Mb ^ -17.5). 

Consequently, our sample of 6,222 galaxies was further seg- 
regated by environment into 1,392 giant galaxies (Mb ^ —20) and 
4,830 dwarf galaxies (— 20 < Mb ^ — 17.5) respectively. As before 
we plot the mean value of rj, and the fraction of passive galaxies, 
as a function of their distance from the nearest cluster, which can 
be seen in Fig.|4] However, the two separate samples are now plot- 
ted as open triangles for dwarf galaxies and filled circles for giant 
galaxies. 

In each of the distance bins in Fig. [4] where the mean value 
of 77 is presented for two samples, the "dwarf" (Mb > —20) and 
giant (Mb < —20) galaxies, we calculate the probability that the 
means of the two sample are the same, according to the Welch test, 
in each distance bin. The results are shown in Table |2l where it is 
obvious the two sample are significantly different throughout the 
entire distance range. 

It can be seen that the dwarf galaxies have a higher mean SFR 
than the giants at all values of distance from the nearest cluster. 
The striking revelation in this plot is that the abrupt enhancement 
in SFR, around a cluster-centric distance of about 2 Mpc, seen in 
Fig. [3] is almost entirely due to the dwarf galaxies. 



3.3 Star formation in galaxies belonging to Groups 

It has been suggested that much of the evolution of galaxies occurs 
in groups during their life on the filaments, before the groups are 
assimilated in clusters. This can be seen when the suppression of 
star formation with increasing local density of galaxies has been 
observed to occur at very low values of the local projected density 
(~1 /i^ Mpc"^ (e.g. lLewis et al.l2002l : lG6mez et al.l20"03h . If this 
is the case the trend seen in the previous section would be differ- 
ent for filament galaxies that belong to groups and those that are 
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Figure 4. (a, Top) For the "cfean fiiament" sample (N=52), the mean 
value rj for giant gafaxies (Mb < —20, cfosed circles) and dwarf galax- 
ies (Mb > —20, open triangles), is plotted as a function of distance from 
the neai'est cluster, (b, Bottom) The fraction of galaxies (same symbols) 
with rj < —1.4, as a function of distance from nearest cluster. 
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Figure 5. (a. Top) For the "clean filament" sample (N=52), the mean value 
of »; as a function of distance from the nearest cluster. Galaxies that are 
members of groups (2PIGG groups with ^ 4 members) and part of the fila- 
ment are shown as crosses, while non-group galaxies are shown as squares, 
(b, Bottom) The fraction of galaxies (same symbols) with -q < —1.4, as a 
function of distance from nearest cluster. 



relatively isolated. We also note the significant evidence of galaxy- 
galaxy merger among the high and intermdiate mass gal axies in 
poor groups, as evident from their luminosity functions (Mil es et al.l 
l2004lMiles, Ravchaudhurv . & Russe lfcOOeb . 

We divided our galaxy sample into those that are a member 
of a g roup (defined to be a member of a 2PIGG group dEke et al.l 
[2004*) that has 4 or more members), and those that are not (isolated 
galaxies or those that are members of 2PIGG groups of fewer than 
4 members). The majority of the galaxies (4921) in our sample are 
part of groups (or clusters) according to this definition. 

The mean value of 77 parameter, and the fraction of passive 
galaxies, as a function of their distance from the nearest cluster are 
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Table 2. Welch's i-test results 
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Figure 6. (a. Top) The mean value of the parameter ri, as a function of 
distance from the nearest cluster, for galaxies belonging to 2P1GG groups 
(with ^ 4 members) in the 2dFGRS. Of these, group galaxies that are also 
members of the 52 filaments described in this work, are shown as crosses, 
while galaxies that are part of groups elsewhere in the entire 2dFGRS shown 
as a dashed Hne. (b. Bottom) The fraction of galaxies (same symbols) with 
77 < —1.4, as a function of distance from nearest cluster. 



plotted in Fig. |5] which shows that the peak in mean r) occurs in 
groups and non-group galaxies at approximately the same cluster- 
centric distance, but the non-group sample generally has a higher 
fraction of star-forming galaxies. 

Fig. |6] compares these same quantities for galaxies that be- 
long to groups that are part of filaments to similar group galaxies 
elsewhere in the 2dFGRS. The dashed line represents the varia- 
tion of mean rj, and passive galaxy fraction as a function of dis- 
tance from the nearest cluster, of all galaxies belonging to groups 
(2PIGG, iV ^ 4) in the 2dFGRS. The plot suggests that the star 
formation rate is more or less uniform in all group galaxies irre- 
spective of their distance from the nearest cluster, except for those 
galaxies within the virial radii of clusters. The crosses with error 
bars represent the subset of these galaxies that belong to groups 
that are part of the 52 "clean sample" supercluster filaments stud- 
ied in this work. There is some indication that the trend we find of 
a peak in SFR between 2-3 K^^ Mpc is seen in the group galaxies 
that belong to filaments, indicating that the presence of the fila- 
ments influences star formation properties in galaxies that belong 
to groups in this region. 



4 DISCUSSION 

At the outset, we mentioned the recent discovery of several in- 
stances of rapidly starbursting galaxies near the virial radius of rich 
clust ers, with disturbed morphology suggesting strong interaction s 
(e.g. ISun & Murravll2002l : iMoran et al.ll2005L iReverte et al1l2007h . 



Does this occur at the periphery of every rich cluster, as galaxies are 
accreted from their surroundings as part of the hierarchical build- 
up of clusters? Does the incidence of such objects depend on the 
nature of the environments of clusters, and on the properties of the 
galaxies themselves? How common and important is this effect in 
the life of a typical galaxy, formed on the filamentary network of 
baryons as they are assimilated in the larger-scale scheme of the 
Universe? 

Here we undertook a statistical study of this effect from a sam- 
ple of clusters that can be seen to be fed by supercluster-scale fil- 
aments, from a substantial redshift survey in the nearby Universe. 
In order not to be confused by superposition effects, we selected a 
sample of "clean" inter-cluster filaments which do not have other 
structures superposed on them, and studied the star formation prop- 
erties of galaxies as a function of position on these filaments and in 
clusters at their extremities. 

We collectively stack galaxies in all of the chosen filaments, 
and look at the mean star formation rate, as well as the fraction of 
passive galaxies, as a function of the the distance of each galaxy 
from its nearest rich cluster (see Fig|3). As expected, the SFR de- 
clines from the far outreach of the filament filament environment 
to the galaxies in the cluster core. This reveals the eifect of a 
physical mechanism that quenches star formation progressively as 
a galaxy approach e s the core of the cluster potential well (e.g. , 
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lier study in the Pisces-Cetus supercluster J Porter & Raychaudhury! 
|2007), we find the evidence for a sharp burst of star formation be- 
tween ~2-3 h'^Q Mpc, which is about 1.5-2 times the typical virial 
radius, from the centre of the nearest rich cluster. 

A typical disk galaxy formed in the relative sparse environ- 
ment of a supercluster filament is expected to have reservoir of 
warm gas to provide for continued star formation in the galaxy. 
This gas can be in the range of temperatures 10^ — lO'' K, which 
would account for X-ray emission, or it could be cooler and be 
undetected in the X-rays. Some evidence of such warm haloes has 
been found around nearby disk galaxies from Chandra observations 
(e.g.. |Pedersen et alj200g) . 

In their analysis of redshift catalogues, Einastd 1 1199 ih found 
that the slope of the galaxy-galaxy correlation function is charac- 
teristic of near-spherical structures like groups and clusters for sep- 
arations smaller than 3 /iJ~qq Mpc, beyond which it becomes more 
representative of filamentary structures. It is interesting to note that 
the characteristic cluster-centric distance at which the peak of star 
formation is seen in this study is roughly half of this spatial scale. 
Such a transition is apparent from Fig. [T] where the Abell radius 
(2.1 /lyQ^Mpc) is indicated, showing that on much larger scales, 
the predominant structures appear more filamentary than spheri- 
cal. This may indicate that such scales (2 — S/i^Q^Mpc) represent 
the zone of transition between the field from which galaxies are ac- 
creted into clusters, and the region in which the properties of the 
clusters become important in the evolution of galaxies. 

As a galaxy comes closer than this to the centre of the Individ- 
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ual cluster, into which it is falling, the dark matter halo of the cluster 
begins to exert important tidal and dynamical influence. A galaxy 
would possibly begin to encounter the hot intra-cluster Medium 
(ICM) of the rich cluster at this distance as well. As the gaseous 
halo of the galaxy interacts with the hot ICM, the galaxy may lose 
its reservoir of gas through evaporation and possibly ram pressure 
stripping. This will lead to a steep decline in the SFR of galax- 
ies within ~ 1 h^Q Mpc of the centre of the cluster, a trend that 
is seen in all relevant studies, including ours. Where this process 
of "strangulation" of star formation b ecomes important, galaxy- 
galaxy harassment l lMoore et alj|l99q) will also be an important 
effect. However, since most of the gas reservoir of the closely- 
interacting galaxies has been removed by this stage, star formation 
will not be induced by the harassment, and the remaining gas of the 
galaxy will continue to be stripped, leading to the observed steep 
dip in SFR in the first two bins in Fig. [3] from the centre of each 
cluster. 

However, approaching the outer regions of the cluster along a 
filament, the infalling galaxies would experience close interactions 
among themselves, even before they experience any significant in- 
fluence of the gravitational potential of the cluster, and that of its 
ICM, on their rate of star formation. Particularly for galaxies falling 
along crowded filaments into a cluster, the local density of galaxies 
would already have begun to increase rapidly, and it could be appre- 
ciable at distances as large as twice the virial radius. Therefore, the 
most likely cause for enhanced star formation that we observe in a 
narrow range of cluster-centric distances between ~2- 3 h^^ Mpc, 
would most likely be due to galaxy-galaxy harassment, which is 
a rapidly acting process, working efficiently in crowded environ- 
ments. This effect would occur in addition to the general trend of 
decrease in SFR towards the core of the cluster, as found in galax- 
ies elsewhere. These galaxies, still at relatively large distances from 
the cluster centre, yet to encounter the hot and dense ICM of the 
cluster, would have not had their gas stripped or evaporated, yet the 
close interaction with other galaxies flowing into the same cluster 
would lead to density fluctuations in their gaseous ISM, resulting 
in bursts of star formation. 

In numerical simu lations, galaxy-gala xy harassment is seen to 
be a rapid effect (e.g., Moore et alJI 19991) . This accounts for the 
narrow range over which the peak in the SFR is seen, since the 
effect depends on both the existence of substantial fuel for star for- 
mation (at a substantial distance from the cluster core), as well as 
sufficient external influence (due to strong interactions from nearby 
galaxies) which would act as trigger. Furthermore, the star forming 
galaxies will fall into the cluster with already elevated gas tem- 
peratures, which, when they encounter the ICM, will make them 
more prone to evaporation and stripping, which would steepen 
the gradient of the rapidly decreasing SFR. This effect may have 
been directly seen in the case of a starburst galaxy in a group 
JRasmussen. Ponman. & Mulchaevll2006) . 

Within the virial radius of the cluster, the " backsplash" effect 
JGill, Knebe, & Gibsod [20051 ; iRines et al.ll2005 l). resulting from a 
galaxy being on an oscillating orbit at the bottom of the potential 
well at the core of a cluster, is expected to be strongest at about 
~ 1 Mpc from the centres of clusters, and thus is not likely to have 
a strong effect on the peak in SFR seen in our sharp peak in star 
formation, which occurs at larger cluster-centric distance. 

Moran et al. (2005) observe a similar sharp peak in SFR (ev- 
ident from redshifted [Oil] emission) in the outskirts of the rich 
cluster CL0024 at z = 0.4, at 1.8 /i^q^ Mpc from the cluster cen- 
tre, where galaxy harassment is cited as a possible cause. All of 
their starburst galaxies are dwarfs (—20 < Mb) At lower redshift. 



a photome tric study JHaines et alj|2006|) of the nearby Sha pley su- 
percluster teavchaudhurvlll989l ; lRavchaudhurv et aljl99lh reveals 



an excess of blue star- forming dwarf galaxies (Mr > —18) at 
~ 1.5 h^f^ Mpc from the centre of the rich clusters in the core of 
the supercluster. While it is encouraging to observe similar effects 
in other studies using different observables, the SFR peak found in 
the case of the Shapley supercluster or CL0024 is a factor of ~ 1.5 
closer to the cluster core than the distance at which the SFR peak is 
found in our study. It is possible that the galaxies in 2dFGRS fila- 
ments experience the effect of galaxy-galaxy harassment at a larger 
distance from the cluster centre, since the accretion of galaxies in 
this case occurs along relatively narrow filaments, resulting in sim- 
ilar galaxy densities further out than would be seen in the case of 
clusters where galaxies are being accreted from all directions. 

Fig. m shows that the galaxies of lower luminosity (—20 < 
AIb ^ —17.5) have a higher SFR than the giant galaxies at all 
distances from the cl uster core. This is consistent with the results 
of other studies (e.g.. lHaines et alJl200AlMoran et alj|2005l) . This 
again provides more evidence for galaxy-galaxy harassment being 
the dominant process in producing the rapid burst in star forma- 
tion, since dwarf galaxies are expected to be more vulnerable to 
galaxy harassment than giants. Furthermore, the small merger cross 
section of dwarf galaxies would make the merging of galaxies an 
unlikely cause of the dwarf dominated peak in SFR. 

Finally, we investigated whether a galaxy belongs to a group 
(2PIGG group, A'^ ^ 4) or not makes a difference to their star for- 
mation properties as they fall into clusters. Within the filaments, the 
SFR peak occurs in the same place for group galaxies as in non- 
group galaxies, though the peak is less pronounced in the former 
category. We find that in the filaments, the mean i] of the non-group 
galaxies is higher than that of the group galaxies. The justification 
of this could be that galaxies in the groups will have been interact- 
ing with each other within the group environment long before they 
reach the infall regions of the clusters. They will therefore have had 
some of their gas already stripped off by galaxy-galaxy and galaxy- 
IGM interactions, by the time they reach their current position on 
the filament. Therefore, the group galaxies will not have as much 
of a fuel reservoir for continued star formation as the non group 
galaxies and so will have lower mean SFR. 

At this stage, we admit to the caveat in the use of the 77 param- 
eter as a proxy for current SFR, since the principal component anal- 
ysis used in obtaining the 77 parameter will not have removed con- 
tributions from active galactic nuclei (AGN). It therefore remains a 
possibility that part of enhancement in mean rj is due to AGN activ- 
ity rath er than conventional star for mation, consistent with the re- 
sults of lRuderman & Ebelind 1200a), who find a prominent spike in 
the number of X-ray AGN in clusters at ~ 2.5 h^g Mpc. However, 
not all X-ray de tected AGN have the usual emission lines in their 
optical spectra I Shenet al.ll2007l) . Clearly, further studies should 
involve direct estimate of star formation rates from well-calibrated 
spectral line features. 



5 CONCLUSIONS 

From a study of galaxies belongin g to three inter-cluster filaments 
in the Pisces-Cetus Supercluster, IPorter & Ravchaudhurvl J2007h 
had found that, in addition to the (expected) systematic decline in 
the star formation rate from the filament environment on the pe- 
riphery of a cluster to the cluster core, there is a peak, represent- 
ing a burst of star formation, over a narrow range of cluster-centric 
distance, at ~2-3 h^Q Mpc (about 1.5-2 times the cluster virial 
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radius) from the centres of the clusters at the ends of each filament. 
However, these results were based on a few hundred galaxies in 
only three filaments, in one Supercluster 

In this work, we have repeated a similar analysis with a much 
larger sample of galaxies (N=6,222), in 52 different inter-cluster 
filaments, chosen from a redshift survey of a substantial fraction of 
the z < 0.2 Universe (from the 2dFGRS). 

We chose a sample of "clean" filaments from a larger cata- 
logue of supercluster filaments, requiring the filaments to connect 
two rich clusters of galaxies and be at least 6h^Q Mpc long with no 
intervening clusters within this distance. The filaments were cho- 
sen solely from their morphology without any knowledge of the 
star formation properties of the galaxies belonging to them. 

For galaxies belonging to the "clean sample" filaments, we 
have also looked at similar dependence on distance of the fraction 
of passive galaxies, in each distance bin. In doing so, we have also 
noted whether these galaxies are giant (Mb ^ —20) or a dwarf, 
or are a member of a group or a cluster Where possible, we have 
compared these results to similar properties of galaxies elsewhere 
in the 2dFGRS galaxy redshift survey. 

We confirm that in the cores of rich clusters, the star forma- 
tion rate in a galaxy is very low, irrespective of its mass, by show- 
ing that the value of mean 77 and the fraction of passive galaxies 
falls to its lowest value for both giant and dwarf galaxies in the 
cores of clusters. As one moves away from the cores of clusters 
along the filaments, there is an increased activity of star forma- 
tion, peaking at approximately 2-3 h^Q Mpc, at approximately 1.5 
times the virial radius of the clusters. This peak in star formation 
in filament galaxies is seen to be mostly due to dwarf galaxies 
(-20 < Ms 5^-17.5). 

The sudden enhancement in the star formation rate witnessed 
in our sample (see Fig|3) is a rapidly acting process such as galax- 
ies experiencing the intracluster medium for the first time or galaxy 
harassment. As galaxies just start to encounter the ICM they will 
not yet have had their gas stripped or evaporated, but the interac- 
tion with the ICM will lead to tidal shocks leading to a burst of 
star formation. Similarly, with their gas still intact, galaxy harass- 
ment may lead to density fluctuations in the gas which may trigger 
a burst of star formation. In the infall region of the cluster at a 
few h^Q Mpc, the galaxies will just have started to accelerate to 
the velocities needed for galaxy harassment to become an impor- 
tant factor The sharpness of the peak in SFR is another indicator 
that galaxy harassment may be important, since lMoore et alj ( ll999f) 
show that harassment is a rapid effect. 

Within the filaments, the abrupt enhancement in star forma- 
tion occurs in the same place outside the virial radius of the cluster, 
for galaxies belonging to 2PIGG groups, as in non-group galax- 
ies, though the peak is less pronounced in galaxies belonging to 
groups. We suggest that this due to the close interaction of galaxies 
within groups causing some of the gas content of the galaxies to 
be stripped away, before they experience the galaxy-galaxy harass- 
ment that is responsible for the enhancement, even before they fall 
into the cluster. 

Using the 77 parameter, which is derived from optical spectra, 
and known to correlate with the current rate of star formation of a 
galaxy, we have been able to show that on filaments feeding clus- 
ters, the current star formation rate of a galaxy, particularly that of 
a dwarf, is likely to undergo a sudden burst due to the close interac- 
tion with other galaxies falling into the cluster along the same fila- 
ment, if the interaction occurs before the gas reservoir of the galaxy 
gets stripped off due to other effects. The direct detection of these 
galaxies, often excluded from narrow-field studies of the cores of 



clusters, should be possible from the detection of dust from Spitzer 
observations. From deep X-ray observations, it would also be in- 
teresting to study how the group environment around each galaxy 
(characterised by the hot IGM) affects its star formation rate, as the 
group is assembled into the rich cluster. 

Finally, we would also like to point out that others have found 
similar starburst and IR-lumino us galaxies in the i nner parts of cer- 
tain rich clusters a s well (e.g. iKeel et all '2003: Due et al. '2004|; 
ICortese et alj|2007l) . The use of directly measured star formation 
parameter s, instead of proxies like the r] p arameter will also re- 
veal (e.g. i Mahaian & Ravchaudhurvl 120081) interesting aspects of 
galaxy properties in such environments. As larger samples of such 
cases emerge, it would be interesting to investigate whether these 
galaxies are actually near the virial radius of the cluster, but seen in 
projection to be closer to the centre, or if there are other physical ef- 
fects, applying to a category of galaxies, that protect the fuel for star 
formation from being stripped as the galaxy falls into the core of a 
cluster. Numerical simulations with appropriate resolution and de- 
tailed hydrodynam ical modeling of the gas-galaxy interaction (e.g. 
iBerrier et alj|2008r) , would be necessary to further investigate the 
relative importance of various physical processes affecting galaxy 
evolution over this range of distances. 
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